Earlier studies report inconsistent associations between education and cognitive aging. We assessed the association, accounting for selective dropout due to death or dementia, and, in a subsample, accounting for confounding by early-life intelligence. Data from the Danish component of the Survey of Health, Ageing and Retirement in Europe (n = 3,400) were linked to registry data (education records, dementia diagnoses, and mortality) and the Danish Conscription Database (youth intelligence measurements for 854 men). Word recall and verbal fluency were assessed up to 4 times over 10 years (2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013) and combined by averaging the z scores. We fitted a joint model linking a time-to-event model for dementia or death to a linear mixed-effects model for cognitive change. Rate of cognitive decline was slower among people with high education compared with low education (β = 0.112, 95% confidence interval (CI): 0.056, 0.170). Adjusting for youth intelligence did not attenuate the association between education and cognitive decline (crude β = 0.136, 95% CI: 0.028, 0.244 vs. adjusted β = 0.145, 95% CI: 0.022, 0.269). The results suggest that higher education may slow cognitive decline in later life. In this sample, results changed little when accounting for selective attrition and confounding by intelligence.
Prior research on dementia suggests that higher education is related to a lower risk of dementia in later life (1, 2) . This link between education and dementia may be due to educational differences in rate of cognitive decline (active reserve hypothesis), educational differences in baseline levels of cognitive functioning (passive reserve hypothesis) (3), or both phenomena. Current evidence leaves uncertain whether rates of cognitive decline vary by education in later life. Several recent studies found no association between education and rate of cognitive change (4) (5) (6) (7) (8) (9) (10) (11) , but some studies reported different results for different cognitive domains, without any clear pattern in which domains show an association across studies (12) (13) (14) (15) (16) . A few studies found that lower education predicted faster cognitive decline (17, 18) . Inconsistent results may reflect methodological differences across studies, such as failure to account adequately for selection or confounding (19) .
Selective dropout due to dementia or death is a potentially large problem in prior research (19, 20) . Because higher education may reduce both dementia and mortality, failing to account for the selection may bias associations between education and cognitive decline towards the null. Joint models, although rarely used in prior research (17) , provide a powerful approach to accounting for informative dropout. Accounting for potential confounding by early-life intelligence is another challenge. Very few prior studies on cognitive aging include information on early-life intelligence (21) , so although theoretically plausible, there is limited empirical evidence on the role of this potential confounder.
The current study aimed to evaluate the association between education and rate of cognitive decline after accounting for selective attrition due to death or dementia and confounding by early-life cognitive function, using data from Danish participants in the Survey of Health, Ageing and Retirement in Europe (SHARE) linked to multiple sources of registry data.
METHODS

Study population
SHARE is a cross-national, harmonized panel data set from 27 European Countries (22) . We used data from the Danish SHARE survey, which at baseline enrolled a representative random sample of Danish residents born in 1954 or earlier and their current partners living in the same household. Baseline interviews were conducted in 2004 (n = 1,687; baseline household response rate = 63%). Follow-up interviews were conducted in [2006] [2007] 2011 , and 2013. We included refresher samples introduced in the second (n = 1,305) and third (n = 398) data collection, consisting of people aged 50 years or older in 2006 and 2011, respectively, and their partners as well as new partners moving into a household with a SHARE respondent, for a final eligible sample of 3,481 respondents. Respondents with a dementia diagnosis at enrollment (n = 29), missing information on educational attainment (n = 5), or without cognitive functioning test scores (n = 47) were excluded. The 3,400 respondents in the analytical sample contributed a total of 8,464 cognitive assessments over up to 10 years of follow-up.
Danish SHARE respondents were linked to registry data from Statistics Denmark and the Danish Health Data Authority as part of the REGLINK-SHAREDK project. The registry data include demographics, socioeconomic conditions, and data on hospitalization and mortality. We also linked a subsample of male respondents to the Danish Conscription Database (DCD), which contains intelligence scores from the compulsory conscription board examination for men at about age 18 years (23) . DCD covers men born from 1939 through 1959, and out of the 1,068 male respondents in our sample born in this period, 854 (80%) were successfully linked to the DCD. The reasons for DCD not having full coverage are described elsewhere (2) . The study was approved by the Danish Data Protection Agency.
Cognitive function
Episodic memory was assessed in SHARE by immediate and delayed recall of a 10-word list. Aspects of executive functioning and language were assessed with a verbal fluency test asking respondents to name as many different animals as possible within 1 minute. To provide consistent scaling across time, scores at each wave were standardized by subtracting the overall mean score and dividing by the standard deviation from the baseline wave. A global score was calculated for each individual at each wave, as the average of that individual's standardized scores; this global score was then restandardized using the mean and standard deviation from the baseline wave.
Education
Registry data was used to classify each respondent's highest attained education level in 2004 (24) . For the oldest individuals (n = 205), who completed their education prior to the electronic registries, we used educational data self-reported at the SHARE interview. Education, coded according to the International Standard Classification of Education (ISCED 97), was categorized as low (first and second stage of basic education, i.e., compulsory schooling of 7-10 years, depending on the cohort), intermediate (upper and postsecondary), or high (firstand second-stage tertiary). In sensitivity analyses, we considered self-reported educational information from the SHARE survey (coded in the same 3 categories) and continuous years of education from the registry data.
Other covariates
Models adjusted for sex, baseline age (centered at 50 years), and years of follow-up since baseline. We used information on both month and year of interview to calculate years of follow-up. Data on mortality came from the Danish Cause of Death Registry covering all deaths of citizens dying in Denmark (25) . Data on dementia diagnosis came from the Danish National Patient Registry, which include data on all somatic and psychiatric patients as well as outpatients and emergency contacts in Denmark since 1995 (26) . International Classification of Diseases, Tenth Revision, codes used to define dementia diagnoses were F00.0-F03.9 and G30.0-G30.9. Mortality from all causes and dementia diagnosis were followed from entry into the study through December 31, 2015, for all respondents, regardless of whether they continued to participate in SHARE. We did not consider emigration in the analysis; only 9 participants emigrated without returning before the end of 2015.
In analyses with the subsample of men linked to DCD we also included information on youth intelligence, assessed at the conscript board examination using Børge Priens Prøve. This is a 45-minute intelligence test comprising 4 subtests on letter matrices (19 items), verbal analogies (24 items), number series (17 items), and geometric figures (18 items) (27) . We standardized the total score to have a mean of 0 and standard deviation of 1. Børge Priens Prøve correlates substantially with the Wechsler Adult Intelligence Scale (28) .
Statistical analysis
To analyze associations between education and cognitive changes over time while accounting for informative dropout, we fitted random-effects joint models using the joineR package (29) . Joint models simultaneously fit a model for change in a continuous outcome (here, cognition) and a model for a time-toevent process (here, onset of dementia or death), incorporating shared random effects for the 2 models (30) . If the longitudinal change in the continuous outcome and the time-to-event process are dependent, joint modeling produces more efficient and reliable estimates (31 The measurement error term ε ij is assumed to be independent of U i 0 and U i 1 . In our models, we allowed rate of change over time to differ by sex (male), baseline age (age), and education (educ) by including interactions between these measures and years of follow-up (t). The regression coefficients of the terms for interaction between education and years of follow-up (β 9 and β 10 ) were our primary parameters of interest; they capture the association between education and cognitive change. An indicator of first interview was additionally included to account for potential practice effects between the first and second cognitive tests (pe) (32) . This indicator was coded 0 for the first interview and 1 for subsequent interviews so that a positive coefficient indicates an improvement in performance after the first test. Interactions between time squared and the study variables were not found to be significant, and therefore the longitudinal submodels included only linear terms for time. The association between education and cognition was not significantly different for men and women so we fitted pooled models.
The time-to-event submodel was specified as a Cox proportional hazards model with log-Gaussian frailty. To account for informative dropout, the submodel included the longitudinal random effects. The model can be expressed on the hazard scale with ( ) h t 0 denoting the unspecified baseline hazard and the association between the longitudinal process and the time-toevent process captured by γ 0 for the random intercept and γ 1 for the random slope:
We fitted the time-to-event submodel for the combined risk of dementia diagnosis or death accounting for sex, baseline age, and education. The proportional hazards assumption was found to be satisfied for all covariates. Joint models were fitted for the global cognitive score as well as for the word recall and verbal fluency scores. An expectation-maximization algorithm was used to estimate parameters in the joint models, and standard errors for the parameters were obtained using bootstrap with 1,000 resamples. To evaluate whether accounting for informative dropout due to dementia or death in joint models influenced our conclusions regarding the association between education and cognitive change, we additionally fitted the same mixed-effects models outside the joint model framework.
In the subsample of men linked to DCD, we first fitted mixed-effects models specified in the same way as the models fitted for the full sample. We then fitted a model including the estimates of youth intelligence on the intercept and the slope without controlling for education and a final model allowing both education and youth intelligence to predict both intercept and slope of the cognitive outcomes.
In sensitivity analyses using the full sample, the joint models were refitted with age as the indicator of time instead of years of follow-up. Separate joint models were fitted specifying only death or only dementia as outcomes in the survival submodel, and we also compared results from separate analyses of respondents younger and older than age 65 years at the first interview. Last, we refitted the models using years of education from registry data and self-reported educational data from SHARE.
RESULTS
Descriptive characteristics are shown for the full analytical study sample of 3,400 Danish SHARE participants and the subsample of 854 Danish SHARE men linked to DCD (Table 1) . In the full sample, 719 (21%) of the respondents participated in all data waves, 965 (28%) participated in 3 waves, 977 (29%) participated in 2 waves, and 739 (22%) participated in only 1 wave. Respondents with low education were more likely to be diagnosed with dementia or to die during follow-up compared with those with high education (Table 2) . Education was not associated with dementia diagnosis or death in the DCDlinked male subsample. Word recall, verbal fluency, and global cognitive scores were approximately normally distributed in both the full sample and the subsample (Web Figure 1 , available at https://academic.oup.com/aje). Intelligence scores in youth were moderately correlated with cognitive scores from the first test encounter (for global cognition, r = 0.36; for word recall, r = 0.28; for verbal fluency, r = 0.32). Missing information on intelligence in youth was weakly associated with educational level (χ 2 P = 0.053) but not associated with baseline measurements on the 3 cognitive outcomes.
Results from the joint models fitted for the full sample showed that higher educational level was significantly associated with higher baseline cognitive scores on all 3 outcome measures ( Table 3 ). The rate of decline in the cognitive outcomes was significantly slower in the group with the highest educational level compared with those in the lowest educational category (global cognitive score: β = 0.112, 95% confidence interval (CI): 0.056, 0.170), but no significant difference in the decline was found for the intermediate compared with low-education groups (global cognitive score: β = −0.004, 95% CI: −0.054, 0.045). Each 1-unit difference in the cognitive outcome measures corresponds to approximately a standard deviation in the baseline population, so the difference between high and low education groups in rate of change for the global cognitive score is equivalent to 1 standard deviation in baseline function over 10 years. Estimated benefits of education were similar for men and women.
Although the joint models indicated that censoring due to dementia or death differentially affected individuals depending on cognitive levels and change in cognitive scores (see detailed description of these results in Web Appendix 1), the coefficients and standard errors from the mixed-effects models fitted without accounting for selective survival and dementia (presented in Web Table 1 ) were similar to those from the mixed-effects submodels in Table 3 . Given this, we evaluated the models for the DCD-linked subsample of men with intelligence measurements in mixed-effects models, without fitting joint models. In the subsample, we found significant associations between educational level and levels of the global cognitive scores as well as a significant difference in rate of decline between high-and low-education groups (Table 4 , model 1; β = 0.136, 95% CI: 0.028, 0.244). The youth intelligence score significantly predicted the initial level on the global cognitive score (Table 4 , model 2; β = 1.483, 95% CI: 1.233, 1.733), but it was not associated with rate of change (β = 0.015, 95% CI: −0.023, 0.053). When including both education and youth intelligence, the estimated association between education and rate of cognitive change was not attenuated (Table 4 , model 3; β = 0.145, 95% CI: 0.022, 0.269), but the estimates of educational level on the level of the global cognitive score were attenuated and not statistically significant. Mixed-effects models fitted for the word recall and verbal fluency tests are shown in the Web material (Web Tables 2 and 3) . In a sensitivity analysis, using age as an indicator of cognitive aging instead of years of follow-up did not substantially change our results on the association between education and rate of cognitive decline (Web Table 4 ). Results were also similar when fitting joint models separately for the survival outcomes of dementia diagnosis and death (Web Tables 5 and 6) . Results for the sample aged 65 years or older (observations = 2,772, n = 1,137) or less than age 65 years (observations = 5,692, n = 2,263) at the first interview showed estimates for the association between education and rate of cognitive decline similar to the estimates from the main analysis (Web Tables 7 and 8) , although confidence intervals included the null for the older group. When using a continuous measure of years of education from the registry data (Web Table 9 ), the interaction between years of education and years of follow-up was significant for the global cognitive score (β = 0.011, 95% CI: 0.004, 0.018) and the word recall test (β = 0.014, 95% CI: 0.007, 0.020) but not for the verbal fluency test (β = 0.008, 95% CI: −0.004, 0.020). Including a categorical measure of education from the survey coded similarly to the measure used in the main analysis (Web Table 10 ) weakened the estimated associations, and the confidence interval for the difference in rate of cognitive change between high-and low-education groups for the global cognitive score included the null (β = 0.055, 95% CI: −0.008, 0.110). The distribution of the educational measure from the registry data and survey data showed similar proportion of people with an intermediate education (40%); however, the proportion of people assigned to a low educational level was higher in the registry data (33%) compared with the survey data (22%). 
DISCUSSION
In this population-based, longitudinal sample of middle-aged and older Danes, higher levels of education predicted higher levels of cognitive function and slower rates of cognitive decline. Controlling for youth intelligence as a potential confounder in the subsample of males for whom it was measured did not have a considerable effect on the associations between educational levels and rate of cognitive change, although youth intelligence did explain away the associations between education and baseline cognitive level.
Our results support the active cognitive reserve hypothesis, suggesting that higher education may improve the efficiency, capacity, and flexibility to process tasks and allow individuals to cope or compensate better with the subtle brain changes imposed by aging (3). Slower cognitive decline in highereducated individuals could also be due to better brain maintenance, leading to reduced age-related brain changes (33) .
Few prior studies used joint models to assess the association between education and cognitive change in later life (11, 17) . Although in theory joint models produce less biased and more efficient estimates than mixed-effects models, no notable difference in results from the 2 model approaches were found in our analyses. This is perhaps unsurprising given the relatively small number of deaths or dementia cases in the Danish SHARE sample. Selective attrition may nonetheless be an important factor in null results reported in previous studies with higher rates of attrition; we certainly found evidence that death and dementia onset were selectively patterned by education, but we cannot directly evaluate the likely bias. Selection effects may also be more influential in populations with stronger educational inequality in morbidity and mortality (20) . Results from more studies considering the implications of using joint models are needed before ruling out the importance of accounting for selective dropout when studying the relationship between education and cognitive change in later life.
Surprisingly, when using educational information from the SHARE survey instead of from the registry data, estimates of the association between education and rate of global cognitive decline was halved and only borderline significant. This was due to nonrandom differences in education recorded in the 2 data sources, with a fraction of SHARE survey respondents self-reporting higher educational levels than documented in the registry. Registry information on education for younger cohorts comes mainly from educational institutions' administrative records and has high validity; information for people whose education was complete by 1974 comes from the 1970 Population and Housing Census (24) . Looking only at the part of our sample who completed an education after 1974 and for whom the registry data therefore arguably has a higher validity than the self-reported survey data, we found the same systematic differences between the data sources. In a validation study with Danish data from the first SHARE wave, the misclassification was shown to be driven by individuals with high incomes reporting higher educational levels than those administratively registered (34) . Our results demonstrate how even relatively small inconsistencies in the reporting of education may attenuate observed associations between education and cognitive change. To the best of our knowledge, all earlier studies of education and cognitive aging rely on self-reported educational information, so measurement error in education may be an unexpectedly important explanation for inconsistent results. Linking information from DCD and REGLINK-SHAREDK, we created a unique data source that allows us to evaluate one of the most challenging topics in research on cognitive aging and dementia. Our findings show that youth intelligence is an important confounder of the relationship between education and baseline scores on commonly used tests of cognitive aging. The strong association between early-life intelligence and cognitive assessments in later life is consistent with prior research (35, 36) and confirms the importance of this potential confounder when evaluating outcomes influenced by baseline or cross-sectional cognitive level (e.g., impairment or dementia diagnoses). We found, however, that youth intelligence was not significantly associated with later-life change in episodic memory or executive functioning and therefore should not confound properly specified longitudinal analyses comparing rate of cognitive change across levels of education. Results from earlier studies on whether age is kinder to the initially more able are inconsistent (21, (37) (38) (39) (40) , but only 2 of these studies also had cognitive measurements from more than 2 follow-up points, and they similarly found no association between early-life intelligence and cognitive aging (21, 40) .
A limitation of our analyses with youth intelligence is that the measurement is from age 18 years, when only some people would have reached their highest educational level. An earlier measure of ability would have been ideal to enable a better understanding of the causal order between education and early-life intelligence. However, this limitation would likely lead us to underestimate the importance of education, because age-18 intelligence may partially mediate education effects.
A few other limitations of this study are worth mentioning. We did not have access to data on childhood socioeconomic conditions, which might be a confounder of the relationship between education and cognitive aging. Dementia diagnosis in the Danish National Patient Registry has been found to have high validity (41) , but many dementia cases are likely to be unrecognized and therefore omitted from the registry. Previous studies have suggested that patients with lower socioeconomic status are more likely to be underdiagnosed (42) , which could have implications for how well we managed to account for selective dropout in the joint models. Not accounting for measurement errors and selective attrition in the samples may have attenuated the estimated associations. Having only 4 followup times limited the possibility of identifying nonlinear trends in cognitive change. Finally, the association may be different for different cognitive domains, and we did not have statistical power to formally evaluate differences between the domains assessed in this study.
In conclusion, we found evidence that higher education predicts slower rates of cognitive decline in later life. Accounting for selective dropout and confounding by early-life intelligence did not significantly alter the findings, but educational reporting discrepancies were unexpectedly relevant. The influence of education on longitudinal changes in cognitive aging is of critical public health importance. The mixed evidence to date is an important scientific barrier as we try to improve understanding of the social processes contributing to dementia and cognitive impairment in the aged. The role of measurement of education is an important topic for future research explaining these inconsistent prior findings.
